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Abstract
 Astronomical Maser (Microwave Amplification by Stimulated Emission of 
Radiation) that naturally occurs in celestial objects was reviewed in earlier 
publications (Extragalactic Astronomical Masers I, II, Dialogos, 16, 17), in 
which the studies of extragalactic masers were presented. Extragalactic 22 GHz 
(or 1.35 cm) water vapor masers are known to trace the inner parts of active 
galactic nuclei (AGN) on scales of sub-parsecs, and they reveal kinematics of 
dense molecular gases around the active nuclei. While the 22 GHz H2O maser is 
an established tool for probing the circumnuclear region of AGN, the nature of 
extragalactic sub-millimeter masers has not been well understood. Thanks to the 
recent development of high-precision and sensitive radio telescopes, significant 
progresses in studies of sub-millimeter masers have been made. In this article, 
the recent observational studies of extragalactic sub-millimeter masers, 
particularly sub-millimeter H2O masers are presented, with a brief description of 
future prospects of extragalactic maser studies.
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1 Introduction
”Maser” is an acronym of Microwave Amplification by Stimulated Emission of 
Radiation, and ”laser”, perhaps many people might know it , is Light 
Amplification by Stimulated Emission of Radiation. Many people would know 
that laser emits extremely bright light and the size of laser beam is very small. 
Maser is very similar to laser in its mechanism  and properties, so we can explain 
that maser is a microwave equivalent version of laser at visible light wavelength. 
Maser emission occurs through natural process - ”population inversion”, which 
is driven by transitions in different energy levels of molecules in gas due to 
power-supply, that is what we call ”pumping”. Masers are seen in a variety of 
astrophysical environments, such as star-forming sites, outer parts of evolved 
stars, and galactic nuclei or arms in external galaxies. In those environments, 
masers are caused by molecular medium - particular molecules such as hydroxyl 
(OH), methanol (CH3OH), and water (H2O).
 Extragalactic masers provide precise measurements of distribution of dense 
molecular gas in active galactic nuclei (AGN). There have been discovered 
several species of extra- galactic masers to date, of which H2O masers in the 
transition of 616 − 523 (frequency: 22.235 GHz, wavelength: 1.35 cm) trace the 
structure and kinematics of dense molecular gas on a scale of < ~1 parsec(pc) 
from a central engine of AGN. The extragalactic H2O masers have been found in 
more than 150 galaxies to date, many of them are found in AGN. Some fraction 
of H2O masers are categorized as nuclear maser associated with the nuclear 
activity of AGN and show the presence of a molecular gas disc rotating around a 
super massive black hole, like the case of the active galaxy NGC 4258 ([3], 
references are therein). While 22 GHz H2O maser is recognized as an established 
tool for measurements of dense gas in AGN, there has been an open question 
whether H2O maser emission at shorter than one millimeter (sub-millimeter) is 
161Extragalactic Astronomical Masers III
also a powerful tool for tracing dense molecular gases in AGN.
 The most important tool for measuring the 22 GHz maser has been VLBI (very 
long baseline (radio) interferometer) with unique angular resolution, typically 1 
milliarcsecond (mas). This enables to determine positions of individual very tiny 
or compact maser spots in stars or circumnuclear regions of AGN. It is needless 
to say that the progresses of the maser studies have been depending on VLBI 
technology that is available since around early 1970’s.
2 Sub-millimeter masers
In Extragalactic Astronomical Masers I, II (hereafter referred to as Paper I [7] 
and II [9]), recent research and future prospects of extragalactic 22 GHz H2O 
maser were described since the extragalactic H2O maser is one of the best-
studied extragalactic masers as well as 1.6 GHz (wavelength: 18 cm) 
extragalactic hydroxyl (OH) maser. These extragalactic masers are called 
”megamasers”: Megamasers are extremely luminous masers, having isotropic 
luminosity of million times lager than that of Galactic masers having luminosity 
in order of ~10−4 L⊙(solar luminosities) (see Paper I).
 One may wonder if there exist H2O megamasers at shorter wavelengths, for 
example, those at millimeter or sub-millimeter. Searches for extragalactic H2O 
masers at sub-millimeter wavelengths have been made towards active galaxies, 
NGC 3079, Arp 220, Circinus galaxy, and NGC 4945, which resulted in the 
detections of H2O masers in the transitions of 313−220 (frequency: 183.308 GHz) 
and 1029−936 (frequency: 321.226 GHz) [2, 6, 7, 11]. Those detections are 
summarized in table 1 and were also briefly presented  in Paper II [9].
 Obviously, these studies have been enabled by the recent development of new 
radio telescopes, such as SMA (The Sub-millimeter Array) at Mauna Kea in 
Hawaii, APEX (Atacama Pathfinder EXperiment), and ALMA (Atacama Large 
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Millimeter/sub-millimeter Array) in Chile. Clearly, the contributions of ALMA 
in measurement of sub-millimeter masers are most significant since ALMA 
covers almost entire range of millimeter and sub-millimeter wavelength with the 
highest precision and sensitivity among existing radio telescopes. Also, APEX 
has been contributed to single-dish telescope surveys at sub-millimeter 
wavelength. While ALMA and APEX are located in southern hemisphere, SMA 
has a unique role in covering the northern sky, whereas the observable frequency 
range is limited from 180 GHz to 418 GHz, that is narrower than that of ALMA, 
due to limited observing conditions at the Mauna Kea site. Sub-millimeter 
masers observed in our Galaxy and external galaxies occur in some atomic and 
molecular species like H2O, SiO, CH3OH, HCN, hydrogen (H) recombination 
lines [5], and other molecular species. Of all these species, H2O masers are 
commonly observed in a variety of astronomical environments and so no other 
molecular species like H2O masers have not been found. Up to now, about 20 
H2O masers that are theoretically predicted with different frequencies and in 
transitions are found in our Galaxy.
 Sub-millimeter H2O maser has been known to arise in star-bursting and star-
forming sites, or nuclei in external galaxies. Recent researches of extragalactic 
masers have shown that (sub-)millimeter masers (maser emission with 
wavelengths of approximately from 1 to 0.1 millimeter) are present in the central 
or circumnuclear regions of AGN like the cases of 22 GHz water megamasers. 
Extragalactic sub-millimeter H2O masers in the transitions of 183.308 GHz (1.6 
mm) and 321.226 GHz (0.9 mm) have been discovered in AGN, such as NGC 
3079, Circinus galaxy, and NGC 4945 [6, 7, 11]. The observing results of in each 
galaxy are presented in the next section.
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3 183 GHz H2O Masers
The studies of millimeter water maser in the 183 GHz transition are pioneered by 
Humphreys et al. [11, 12]. The H2O maser in the 183 GHz transition was first 
discovered in the active galaxy, NGC 3079 [11]. The maser shows a peak flux 
density of about 0.5 Jy, and is located in the nuclear region of the galaxy. The 
peak emission falls in the similar velocity range of the known 22 GHz maser 
spectrum. The discovery of the 183 GHz maser in the galaxy certainly stimulated 
searches for extragalactic masers.
 After several years of the discovery, the 183 GHz water maser has been 
detected toward the center of the active galaxy, NGC 4945 by single-dish 
measurement [13]. The maser spectrum shows narrow line-widths with a strong 
peak flux density of ~ 3 Jy and is peaked near the galaxy’s systemic velocity. The 
183 GHz maser in NGC 4945 shows a large isotropic luminosity of  >1000 L⊙. 
From these results, it is understood that the detected water emission is definitely 
maser rather than emission through thermal process. The maser detected in NGC 
4945 looks very different from that in NGC 3079: The 183 GHz maser in NGC 
3079 has much lower isotropic luminosity than that of NGC 4945 and the 183 
GHz maser emission spans narrower velocity than 22 GHz maser. It is explained 
that the gas in nuclear region is too dense for the 183 GHz maser to arise in 
NGC 3079 [4]. However, there might be some other reasons for this. We later 
discuss the 183 GHz maser in NGC 4945 in relation to 321 GHz H2O maser.
 The detection of the 183 GHz H2O emission is made towards the center of 
infra-red luminous galaxy, Arp 220 by single-dish observation [2]. The detected 
H2O spectra show emission with broad line-widths, however intensity variability 
that is seen typically for maser is not reported, and therefore the detected 183 
GHz H2O line towards Arp 220 is considered to be thermal emission rather than 
maser. This is consistent with the fact that there has been detected no distinct 
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active nucleus in the galaxy to date.
 Very recently, 183 GHz and 325 GHz H2O emission have been found towards 
Arp 220 by ALMA [14]. The both emission lines do not show any evidence of 
intensity variability, suggestive of their being thermal molecular line emission 
rather than maser. It is worth noting that the 325 GHz water emission in Arp 220 
is first detected in an external galaxy, whereas the emission is not maser.
4 321 GHz H2O Masers in AGN
Sub-millimeter H2O maser spectra obtained by ALMA are shown in Figure 1, in 
which the discovery spectrum of the maser in the 321 GHz transition towards 
Circinus galaxy is included [6]. In these spectra, the 321 GHz masers are 
detected towards two active galaxies, Circinus galaxy and NGC 4945, both of 
them are hosting AGN. One of the most important results derived from these 
spectra is that many of 22 GHz and 321 GHz maser lines in these galaxies occur 
at overlapping velocities (see [6], [8]). This would suggest that the 321 GHz H2O 
maser might probe the same (or similar) kinematics of dense molecular gas 
around the circumnuclear region of AGN as the 22 GHz H2O maser [15]. 
Observations of the maser in five galaxies show that the size of the maser 
emission remains unresolved at about 0.30 – 0.66 arcseconds resolution that 
corresponds to about  15 – 30 parsecs at the distances of each galaxy. Since the 
22 GHz maser emission begins to be resolved on scales of a few parsecs by 
milliarcsecond VLBI observation there is no wonder why 321 GHz masers are 
not resolved by our sub-arcsecond beam size of ALMA. The detected 321 GHz 
maser in these galaxies needs to be observed by at least at ~10 mas resolution, 
which might be possible in near future by the long-baseline ALMA.
 As mentioned in previous section, the 183 GHz maser is detected with peak 
flux density of ~ 3 Jy(Jansky) towards the center of NCC 4945, while the 321 
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GHz maser is detected with peak flux of ~ 0.04 Jy. (Since the observing periods 
of these two masers are so different that we have to consider intensity variability, 
carefully.) The luminosity of the 183 GHz maser (~1000 L⊙) is approximately 
three orders of magnitude higher than the 321 GHz maser in NCC 4945 [13]. 
This might be that the energy level of the 183 GHz transition (Eu/k = 205 K) is 
lower than that of 321 GHz (Eu/k = 1862 K). The energy level of the 321 GHz 
emission at Eu/k = 1862 K is very high so that the physical conditions needed to 
invert the 321 GHz water maser are not suffciently high enough in the galaxy, 
compared with the conditions needed for pumping the 183 and 22 GHz maser 
emission (see Table 1).
5 Other Masers
Apart from ”well-studied” 183 GHz and 321 GHz masers, other transitions of 
H2O emission have been observed including both maser and thermal emission 
(see Table 2). Some of the recent observations of ALMA are not yet published, 
so we have no information on their results: For example, water line emission in 
the 325 GHz and 658 GHz transitions seem to be observed towards AGN with 
ALMA (or may not yet be observed) but no report of these observations are 
available at present. Observations of HCN masers with ALMA by other party 
will be allocated in near future. Potential extragalactic masers of other molecular 
species are listed in Table 3.
6 Future prospects
It is expected that ALMA will extend the maximum baseline length (a distance 
between the most separated two antennas) farther [1]. There is an ambitious plan 
of extending the baseline length to 50 km: Currently, the longest baseline for 
standard mode observations is 16.2 km. If that has been realized in near future, 
166 Yoshiaki Hagiwara
we will be able to obtain about 5 milliarcsecond (mas) angular resolution at 340 
GHz band. The 5 mas resolution corresponds to 0.25 pc for galaxies at a distance 
of 10 Mega pc from Earth. Given the long-baseline ALMA with the resolution of 
about 5 mas, we will be able to determine positions of individual maser spots on 
scales of 0.1 pc in the circumnuclear regions of nearby AGN. Thus, the expected 
resolution of the long-baseline ALMA is expected to be comparable with that of 
22 GHz VLBI.
 Moreover, there are many molecular species that could be observed as maser 
emission towards active galaxies. More than 50 sorts of sub-millimeter masers 
have been identified, suggesting that more maser species will be detected. Many 
of transitions of molecular emission lines are theoretically predicted but not yet 
identif ied. Some of the emission lines might be maser emission due to 
background seed-photons supplied from AGN-activity. Finally, I remark on-
going sub-millimeter VLBI experiments that can extend maximum baseline 
lengths to the earth diameter [3], resulting in microarcsec angular resolution.
7 Summary
Maser, a microwave version of laser at visible wavelength that occurs in stars or 
galaxies,  is compact gaseous object and we can utilize it as a unique powerful 
Table 1: Water emission detected in external galaxies (†:Tentative 
detection, *: James Clerk Maxwell Telescope)
Frequency
(GHz)
Transition Eu/k
(K)
Emission Telescope Galaxy Ref.
22.235  616 − 523 644 Maser - 150+ galaxies [10]
183.310  313 − 220 205 Thermal IRAM 30m Arp220 [2]
Maser APEX NGC4945 [13]
321.226 1029 − 936 1862 Maser ALMA Circinus/NGC4945 [7]
325.153  515 − 422 470 Thermal ALMA Arp220 [14]
439.151†  643 − 550 1089 Maser JCMT* NGC3079 [11]
448.001  423 − 330 432 Thermal ALMA IRASF11506-38511 [16]
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tool for imaging inner parts of galactic nuclei. Particularly, H2O maser is 
commonly observed in star-forming sites in our Galaxy and galactic nuclei in 
external galaxies. By using bright and compact maser, we can pin-down the 
relative locations of each maser spot surrounding galactic nuclei, by means of 
which we can study local gas kinematics in AGN. Thus, masers are the very 
useful probe of the AGN circumnuclear region, out of which sub-millimeter H2O 
masers are promising tools for investigating gas with various physical conditions, 
such as temperature and number density different from the 22 GHz maser. 
ALMA has enabled us to detect more maser species that have not been identified. 
Given the improving capabilities of ALMA, the number of detected maser 
species will be increased. The idea of the long baseline ALMA, which will 
improve spatial resolution by factors of three better than the current resolution, 
Table 2: Submillimeter H2O megamasers observed with ALMA
Galaxy Transition Year Results Reference
Circinus 321 GHz 2012 Detection [7]
Circinus 325, 658 GHz ? Unpublished -
NGC 5793 321, 325 GHz 2012 Non-detection [7]
NGC 1068 321 GHz 2012 Non-detection [7]
NGC 4945 321 GHz 2012 Detection [7]
NGC 1386 321 GHz 2012 Non-detection [7]
NGC 5765 321 GHz 2013 Non-detection This article
ESO 558-G009 321 GHz 2013 Non-detection This article
SDSS J0804+3607 183, 380 GHz 2015 Unpublished -
IC 2560 321 GHz 2013 Non-detection This article
Table 3: Examples of potential extragalactic masers
Molecule Transition Frequency Eu/k
GHz K
HCN v=0 J=1-0 88.63 4.2
H2CO 6(1,5) – 6(1,6) 101.33 87.56
SiO v=1 2-1 86.24 1775
SiO v=1 3-2 129.36 1781
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will allow us to explore the circumnuclear regions of AGN on comparable scales 
with 22 GHz VLBI observations.
Fig. 1: 321 GHz H2O maser spectra of five active galaxies and 325 GHz H2O maser spectrum 
of one active galaxy are shown, obtained at ~0.6” angular resolution of ALMA in Cycle-0 
observations. Vertical axes denote f lux density scaled in Jansky (10−26 W m−2 Hz−1) and 
horizontal axes are velocity in km s−1. The discovery spectrum of the maser in the 321 GHz 
transition towards Circinus galaxy is plotted on top of the spectra and the 325 GHz spectrum 
(non-detection of the maser) towards NGC 5793 is shown at the bottom.
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